We study the fluid dynamics of polar high-k fluids immersed in non-polar insulating fluids, excited by electrowetting-ondielectric (EWOD) forces inside a tube with pressure compensation channels. The fluids are set in motion using the electrowetting effect resulting in a pressure difference inside the tube. A model of the pressure field for various viscosities of the surrounding fluid is obtained by finite element analysis of the Navier-Stokes equation. From the time dependent pressure response and the associated viscous damping, a correlation with the fluid's dynamic viscosity is obtained. In the next step, we study the pressure evolution after driving the polar fluid in one direction and stopping it rapidly at the edge of the driving electrode. The decay time of the pressure induced height difference inside the compensation channels can also be related to the surrounding non-polar fluid's viscosity. Subsequently, a cheap alternative fabrication process of an EWOD stack will be shown and used to build a tube oscillator simulated in the steps before.
Introduction
Research of fluid and droplet shape manipulation by electrowetting is an active field of research and relevant for a wide field of applications, e.g., (EWOD) droplet driven displays, lab on a chip mixers, filament rheometers and much more [1] [2] [3] . New miniaturized sensors for viscosity and fluid density measurements are needed to satisfy __________ * Corresponding author. Tel.: +43 732 2468-6272; fax +43 732 2468-6272.
E-mail address: Andreas.Troels@jku.at the expectations for a lab-on-a-chip system, which integrates several laboratory functions on a single chip. The fluid dynamics of such systems have to be adequately characterized and described. For instance, when suddenly stopping the motion or changing the direction of a EWOD moved droplet, inertia leads to oscillations of the suspended fluid drops and thus in the pressure field, depending on the surrounding fluid's viscosity. Therefore the decay time of the pressure oscillations and the pressure difference before and behind the droplet is linked to material parameters of interest like the dynamic viscosity and density of the fluid. Other than the embedded electrodes, the method does not require specific transducers for actuation and can be integrated in microfluidic networks facilitating the analysis of fluids within the channels. Fig. 1 shows the oscillator scheme considered in the following.
Modeling
According to the Lippmann-Young equation describing the electrowetting effect, an applied voltage on the triple line will lead to a change of the contact angle θ between the liquid and the substrate. This yields a Laplace pressure which drives the droplet forward as long as the triple line is located over an actuated electrode [4] . Periodically switching on and off the left and the right electrode leads the immersed polar droplets to oscillate between both electrodes, producing pressure oscillations according to the Laplace law, see Fig. 2 .
The pressure can be calculated from a height measurement of the fluid meniscus inside the compensation channels. The meniscus displacement for various low viscosities and one single oscillation of the droplet is shown in Fig. 3 . After one oscillation the droplet will be moved back in the center of the tube again by pressure compensation, while changing the height of the fluids meniscus inside the compensation channel. As the model demonstrates the feasibility of the approach, we are currently working towards experimental verification, which will be discussed in detail later in the paper. The simulations were implemented with the FEM Simulation Software COMSOL TM Multiphysics from Comsol AB using the Phasefield and LevelSet Algorithm for calculating and tracking the fluidfluid interface between the polar and the non-polar phase of the fluid.
Fabrication of a Low-Cost EWOD Testing Platform
In this section we describe the first steps towards fabrication of a low-cost electrowetting on dielectrics platform for experimental verification. Common EWOD platforms require vapor deposition to deposit ultra-thin electrodes of gold/silver or other metals on flat surfaces to form the electrode array. The aim is to obtain a low-cost alternative testing platform without the need of expensive compounds like gold, ITO, Teflon and so forth. The finished electrode structure can be seen in Fig.4 . The interdigitated overlapping design of the electrodes ensures full maneuverability of the droplet in both directions [5] [6] .
The stack consists of ordinary commercially available circuit board material with a copper layer of approximately 13 -15 μm covered by a positive photoresist. After exposure through a laser printed photo mask, development and wet etching, a dielectric layer of the negative photoresist SU-8 2025 from Micro Chemicals TM is spin-coated over the electrode structure. Because the voltage for changing the contact angle is highly dependent on the dielectric layer thickness, we aim for a layer thickness not more than 10 -15 μm. Fig 5. illustrates the performance of the spin coating by showing the obtained SU-8 layer thickness for various spin speeds at 30 seconds spinning duration.
SU-8 has been chosen as dielectric layer material because of its biocompatibility, high electric breakdown strength and other characteristics which make it a highly feasible material for an EWOD stack [7] [8] .
Because the electrodes in this setup are quite thick in comparison with usual EWOD Electrodes (several 100 nm) there are gaps or valleys in the SU-8 surface in the regions between the electrodes, which can prevent the polar droplet's motion. The depth of the valleys for different spin speeds are shown in Fig. 5 . A smaller depth of the is strongly enhancing the performance of an EWOD system [6] . The surface roughness of SU-8 itself is in the region of average 1-2 μm and should be no obstacle for the droplet motion or the change of the contact angle over the surface. After development of the SU-8 photoresist layer with Propylene Glycol Monomethyl Ether Acetate (PGMEA) from Sigma-Aldrich TM , the hydrophobic layer is obtained using a simple, low-cost waterproofing spray (Rust-Oleum NeverWet TM Multi Surface 2 Compound Liquid repelling coat). can move. The cannulas on the left and right side assist in filling the device through the pressure compensation channels embedded in the polymer carrier structure. The carrier structures were produced by 3D printing with a Stratasys TM Objet 30-Pro 3D printer.
Conclusion and Outlook
FEM Simulations of the fluid dynamics of the EWOD tube oscillator have been provided and a relation between the pressure inside the tube and the surrounding non-polar fluid's viscosity has been empirically established. A lowcost alternative to fabricate a working EWOD stack and a prototype of the device has been presented. The next task is to operate the device and measure a range of very low viscosity fluids. A big challenge is Cassie-Baxter to Wenzel state change after one single actuation step which will block the droplets further motion immediately [9] . A comparison between the method provided in this paper and other already established methods for viscosity sensing will be made.
